We estimated the snow water equivalent (SWE) of snowpack in central Japan from September 2006 to August 2008 by using a 3.3 km-mesh regional climate model with two land-surface models: Noah land-surface model (Noah LSM), and Noah land-surface model with multiparameterization options (Noah MP). The model validation for temporal variations of SWE at the Tohkamachi station and the comparison of modeled maximum SWE with estimated that from observed maximum snow depth at ten sites showed that Noah MP could simulate spatiotemporal variations of SWE better than Noah LSM which underestimated SWE. Simulated SWE in central Japan peaked in March, but the difference of SWE between the two land-surface models was greatest in April. SWE determined using Noah LSM (Noah MP) in analysis domain reached 18.1% (28.5%) of the total storage capacity of high dams in Japan in March 2007, whereas it reached 32.4% (44.1%) in March 2008. The difference of SWE between the two land-surface models was particularly high under warm conditions, that is, during the snowmelt season, and during a warmer than normal winter. Our results indicate that the choice of land-surface model for estimates of SWE is important under warm climatic conditions.
Introduction
The amount of winter snowfall in mountainous areas of central Japan is greater than most other mountainous regions in the world. The snowpack in central Japan provides plentiful water resources during the snowmelt season, and functions as a natural reservoir for the rest of the year. The water resources derived from snowpack can be calculated as snow water equivalent (SWE). The spatial distribution of SWE can be estimated by means of integration analysis using in-situ observations, satellite observations, and snow model (Asaoka et al., 2007) . However, the estimated SWE is temporally discontinuous, and its accuracy in mountainous areas of central Japan is not reliable enough because there are few meteorological observation stations in these areas.
Climate models provide an effective method to evaluate spatiotemporal variations of SWE. For example, Hosaka et al. (2005) estimated global SWE by using a 20 km-mesh atmospheric general circulation model. However, their study did not provide quantitative estimates of SWE in Japan, and the spatial resolution of the model was too coarse to simulate the meso-scale cumulus cloud systems that form over the Sea of Japan in winter. To date, there have been no quantitative estimations of SWE obtained in mountainous areas of central Japan using a high-resolution model with a spatial grid of less than 5 km.
Regional climate simulations obtained by the dynamical downscaling method with a regional climate model to calculate snow depth (h s ) in Japan have reported that rising air temperature causes a reduction of h s at low altitude (Hara et al. 2008; Kawase et al. 2012) . These simulations used the Noah land-surface model (Noah LSM; Chen and Dudhia 2001) . However, Livneh et al. (2010) reported that the Noah LSM underestimates SWE in early spring because of incomplete algorithms for the decay of snow albedo associated with snowpack aging and the refreezing of snowmelt water within the snowpack. Additionally, it described that developing a multilayer snow model to capture metamorphism of snow and intrasnow heat exchange would be able to provide immediate improvements in simulations. Niu et al. (2011) reported that the Noah land-surface model with multiparameterization options (Noah MP; Niu et al. 2011) , which can consider a three-layer snowpack, provides better estimates of observed h s , snow density (ρ s ), and SWE than the Noah LSM. Nevertheless, the performance of Noah MP to simulate snowpack has not been validated in heavy-snowfall area in Japan.
The purposes of this study are to quantitatively evaluate SWE in mountainous areas of central Japan using a high-resolution model, and to clarify the effect on calculated SWE of the choice of land-surface model for each month. In this study, we compared SWE simulated in central Japan from September 2006 to August 2008 by a 3.3 km-mesh regional climate model used with either Noah LSM or Noah MP, and discussed about the characteristics of difference of SWE simulated for the two land-surface models.
Observation data and model description

Observation data
We used precipitation and h s data recorded by the Automated Meteorological Data Acquisition System of the Japan Meteorological Agency (JMA) and the water quality database of the Ministry of Land, Infrastructure, Transport and Tourism (MLIT water information system). We used rain gauge data only from gauges with heating systems to screen out abnormal values caused by winter snowfall. In addition, we used meteorological data and snow pit data from the Tohkamachi field station of the Forestry and Forest Product Research Institute (FFPRI). Daily observations of SWE were made at 0900 JST at the Tohkamachi field station by using a snow sampler and platform scale (Takeuchi et al. 2009 ). Furthermore, we used precipitation and h s data from the Takayama field station of Gifu University. Hourly observations of h s were made by using an ultrasonic snow depth meter, excluding Takayama field station at which daily h s data were made by snow scale. The locations and elevations of the sites recording h s data are provided in Table 1 and Fig. 1a .
Concerning the climatic characteristics of target years, the anomalies of seasonal mean air temperature from 
Numerical simulation
Numerical simulations were done using the Weather Research and Forecasting (WRF) modeling system version 3. Table 2 . We did not use cumulus parameterization options because the horizontal grid interval we used was fine enough to resolve the well-developed snow band above the Sea of Japan in winter (Murakami et al. 2003) .
We performed simulations using two land-surface models, the Noah LSM (LSM-run hereafter) and the Noah MP (MP-run hereafter). Each land surface model was coupled on-line to atmosphere modeling. Koren et al. (1999) described parameterization for the calculation of SWE, snowmelt rate, and ρ s . It reported that an upper limit of 0.4 g cm −3 was applicable for ρ s in the Noah LSM, but there is no upper limit for ρ s in the Noah MP. An important difference of the Noah MP is that it can consider a three-layer snowpack (depending on total h s ), whereas Noah LSM treats the snowpack as a single layer. In addition, different options can be selected for various physical processes for simulation using Noah MP, while these physical processes are fixed for simulation using Noah LSM. Table 3 shows our selections for the major physical processes for calculating SWE in MP-run, compared with those in LSM-run. Other differences between the Noah LSM and the Noah MP and the detailed structure of the Noah MP are explained by Niu et al. (2011) . 
Results and discussion
Model validation for precipitation in the cold season
Because snowfall is the input to the snowpack, we validated the modeled precipitation for the cold season. The spatial distribution of the percentage difference (PD) of modeled to observed cumulative precipitation from 1 November to 31 March is shown in Fig. 1 . PD was defined as
where P m and P o are modeled and observed cumulative precipitation, respectively. Figure 1 shows only P m from the MP-run, because P m values obtained from both runs were almost the same. P m on the Sea of Japan side was about 1000 mm over the five cold months in the lowland area (< 1000 m a.s.l.), and P m was more than 1500 mm in the mountainous area facing to the Sea of Japan (Fig. 1) . Focusing on the lowland area on the Sea of Japan side, in 2006/2007 and 2007/2008, 73% and 78% , respectively, of observation sites showed absolute PD values of less than 20%. However, the model greatly overestimated precipitation in the highland area (≥ 1000 m a.s.l.) for both years ( Fig. 1 and Supplement 1).
There are three possible reasons for this overestimation. First, the elevations of mountain ridges were underestimated in the model because the 3.3 km grid was not fine enough to resolve the mountainous topography. Therefore, cumulus formed above the Sea of Japan would be modeled as flowing too far inland, reaching the area where many of the observation sites are above 1000 m elevation. Second, the 3.3 km grid was not fine enough to resolve micro-scale convective clouds and narrow snow band (Murakami et al. 2003) ; thus, water that should be precipitated from small cumulus over the lowlands on the Sea of Japan side of the study area would be modeled as falling in the mountainous area. Third, under-recording of precipitation by rain gauges is much higher for snow than for rain, and increases with increasing wind speed even when there is a wind shield installed (Larson and Peck 1974) . Thus, precipitation recorded under windy conditions may have been erroneously low.
Temporal variations of snowpack at Tohkamachi field station
Comparison of the temporal variations of simulated and observed cumulative precipitation, cumulative snowfall, h s , ρ s , SWE, and air temperature at the Tohkamachi field station (Fig. 2) showed that, although both land-surface models underestimated precipitation, reproducibility of the observed data was better (Figs. 2a, b, c) , since it could result in underestimation of snowfall. Snowfall of the LSM-run was almost same with that of the MP-run as with precipitation (Fig. 2a) . , below the observed value after day of year (DOY) 70 in 2008 (Fig. 2b) . Both observed and simulated ρ s were defined as the SWE divided by the h s to compare the averages of ρ s over all snow depths.
When we focus on DOY 50−70 in 2008, the observed SWE increased despite a concurrent slight reduction of observed h s , indicating that snowfall during this period increased SWE, but a rapid increase of ρ s restricted the increase of h s (Figs. 2a, b, c) . The MP-run captured these temporal variations to some extent, but the LSM-run did not. Judging from the temporal variations of SWE and air temperature, the snowmelt rate of the LSM-run was greater than those of both the observed data and the MP-run when the daily mean air temperature was around 0°C during DOY 1−70 of 2008 (Figs. 2c, d) . That is, the MP-run could reproduce the snowmelt rate better than the LSM-run when daily mean air temperatures were around 0°C, and it resulted in the widening differences of h s and SWE between the LSM-run and the MP-run.
One of the possible reasons for the better reproducibility of MP-run is that Noah MP consider the retention of snowmelt water at midday hours and refreezing of the liquid water within snowpack at nighttime (Niu et al. 2011) . However, this phenomenon is unlikely at Tohkamachi field station, because both the observed snow temperature and the simulated one by MP-run were almost 0°C at every snow layer even in midwinter. That is, significant refreezing could not happen. Other possible reasons are the differences on how to calculate surface exchange coefficient for heat, radiation transfer through the vegetation canopy, snow surface albedo, and so on ( Table 3 ). The sensitivity of each parameter to simulate SWE should be evaluated more carefully in future studies.
Quantitative estimations of SWE in central Japan
The relationship between maximum h s (h s max ) and maximum SWE (SWE max ) was formulated by Eq. (2), by using long-term observation data at some sites located in mountainous areas of Japan by the National Research Institute for Earth Science and Disaster Prevention (Yamaguchi et al. 2011) .
Using the Eq. (2) and the observed h s max at ten representative sites shown in Table 1 and Fig. 1 , we estimated the SWE max for the winters of 2006/2007 and 2007/2008 . Then, we compared the estimated and modeled SWE max at these sites for each winter, and compared P o and P m from the MP-run as well (Fig. 3) . SWE max from the LSM-run was smaller than that estimated from Eq. (2) except at M1, J1, and J2, whereas SWE max from the MP-run was larger than the estimation except at F1, M2, J4, J5, and G1 (Figs. 3a, b) . Considering that P m was larger than P o except at F1, J4, and G1 (Figs. 3c, d ), the SWE max from the MP-run could be more reasonable than those from the LSM-run. It indicates that Noah MP can simulate the spatial distribution of SWE better than Noah LSM if the model accuracy for winter precipitation was improved. To avoid biases caused by the lateral boundary condition and the uncertainty of modeled precipitation, we set our analysis domain to an area where the reproducibility of observed cumulative precipitation during the cold season was relatively good (Fig. 1) . We then simulated monthly SWE for both landsurface models for three ranges of elevation for the period from November 2006 to August 2008 (Fig. 4a) The SWE per unit area was greater at higher altitudes (Supplement 2), although the SWE simulated at 1000−2000 m altitude accounted for more than half of the total SWE over the entire range of elevations during the period from January to May (Fig. 4a) .
Differences of simulated SWE for Noah LSM and Noah MP
The monthly variations of the difference of SWE simulated for the two land-surface models (Fig. 4b) show that the differences of total SWE for the entire range of elevations were greatest in April of both years, although the differences in March were of similar magnitude to those in April. The differences of SWE for altitude ranges of 0−1000 m, 1000−2000 m, and above 2000 m peaked in March, April, and June, respectively (Fig. 4b) . Thus, the peaks for SWE differences for each altitude range lagged behind the peaks of each SWE, and these lags were greater at higher altitudes (Fig. 4) . This result reflects the widening of SWE difference for snowmelt season and the difference of the length of snowmelt season depending on altitude.
The total SWE of the MP-run was 1.66 (1.44) times that of the LSM-run during January to June of 2007 June of (2008 , and the ratio of the total SWE of the MP-run to that of the LSM-run increased exponentially over that period (Fig. 4b) . In the snow season of 2006/2007, which was a warm winter in Japan, this ratio was higher than that of the snow season of 2007/2008, which was a normal winter. Furthermore, the gradient of the exponential curve was considerably greater in 2006/2007 than in 2007/2008 (Fig.  4b) . The higher ratio for the warm winter might reflect the high frequency of increases of air temperature to around 0°C, which is the temperature at which the greatest differences of SWE simulated with the two land-surface models were observed (see Section 3.2). This result indicates that the differences of simulated SWE for the two land-surface models would be greater under warm conditions.
Summary and conclusions
We estimated SWE in central Japan by using a 3.3 km-mesh WRF model with two land-surface models (Noah LSM and Noah MP). We then validated the performance of the model against observed data and compared the SWE values obtained for the two land-surface models. Comparison of the temporal variations of simulated and observed SWE at the Tohkamachi field station showed that Noah MP reproduced the observed SWE better than Noah LSM, which underestimated the observed SWE when daily mean air temperature was around 0°C. Comparison of modeled SWE max with estimated that from observed h s max at ten representative sites indicated that Noah MP might simulate the spatial distribution of SWE better than Noah LSM. Table 1 for detail locations and elevations). 1:1, 1:2, and 2:1 reference lines are shown. SWE peaked in March for both land-surface models. For Noah LSM, total SWE in analysis domain reached 18.1% of the total storage capacity of high dams in Japan in 2007 and 32.4% in 2008 . For Noah MP, these proportions were 28.5% in 2007 and 44.1% in 2008 Because the difference of total SWE for the two land-surface models increased during the snowmelt season, that difference was greatest in April of both years. The total SWE estimated using Noah MP was about 1.5 times larger than that for Noah LSM. The ratio of the total SWE estimated with Noah MP to that estimated with Noah LSM increased exponentially through the snow season, and was higher for the warm winter of 2006/2007 than for the normal winter of 2007/2008. Our results indicate that the choice of land-surface model for estimations of SWE in central Japan is important under warm climatic conditions such as those during the snowmelt season and those of lowland areas. This choice is also important for predictions of the effects of global warming on snowpack. Further analyses similar to this study are needed to assess the uncertainties related to choice of land-surface model for future predictions of snowpack.
